The paper is a review of the advancements achieved towards the research work done towards inert anodes for aluminium reduction cell. The research work dedicated towards inert anodes has been for more than a century, but significant advancement was made only a few decades ago. The aim of the researchers was to find the anode which shows excellent electrical conductivity and highly resistant towards corrosion with longer anodic lifetime but this is highly difficult to achieve. This article reviews the research work done on: (1) Ceramics, which are oxides of Ni, Sn, Fe, and Cu which can be one or a combination of oxides e.g. NiO − Li 2 O (2) Metals, in pure or alloy form (3) Cermets, oxides in combination with the metals. Some results obtained in laboratory scale cells were highly liable and gave a scope to try them on industrial cells.
INTRODUCTION
Hall-Heroult process for aluminium electrowinning is been in use for more than a century to produce aluminium. A lot of advancement was seen in the cell geometry and also the capacity of the cell, where at the being of the process the cell only had the capacity of few thousand amperes and now the cells work at over 400-500 kA. In the process of electrolysis, alumina(Al 2 O 3 ) is dissolved in molten cryolite at 960℃ where it decomposes and results in oxygen and liquid aluminium. As aluminium is denser than molten cryolite (Na 3 AlF 6 ), it deposits at the bottom region of the cell and the oxygen ions react with carbon anode and results in the formation of CO 2 according to the equation: 
But the ideal reaction would be Al 2 O 3 (solution) = 2Al (l) + 3/2O 2(g) (2) which can be achieved by using inert anodes. Replacing carbon anode with inert anode will eradicate the production of greenhouse gases through the process. De Nora [1] has suggested that the inert anodes should possess the following properties:
• Overvoltage less than 0.5 V at 0.8 A/cm 2 for oxygen evolution • Anode current density, not more than 0. Retrofittable in the present cell design
The properties described by de Nora are difficult to achieve all at the same time but recent advancements ensure the possibilities of achieving an inert anode. Nevertheless, by using inert anodes, greenhouse gases can be eliminated and it's economically beneficial to use inert anodes as fabrication of consumable carbon anode is expensive.
CERAMICS
Ceramics were the primary interest of researchers because they believed that a ceramics could be potential materials to fabricate inert anode. Ceramics were tested by Belyaev and Studentsov in 1937. Ceramics has the desirable property of low rate of dissolution in molten electrolyte at 960 ℃ but they also possess poor electrical conductivity and low mechanical strength.
BASED ANODES
Nickel ferrite was the first ceramic material tested by Alcoa. Du et al. [2] conducted a laboratory scale experiment to know the anodic overvoltage and bubble behaviour of the anode. They discovered that the anodic overvoltage, cell voltage and back EMF can be reduced by the addition of dopants: 0.5wt. % V 2 O 5 or 1wt. % MnO 2 or 2.5 wt. % TiO 2 .They determined that the electrolytic bubble evolution on the surface of NiFe 2 O 4 inert anodes, including bubble nucleation, growth, coalescence, growth again, migration and escaping, lasts for 79 seconds whereas for carbon anode it takes 102 seconds. Augustin [3] tested the corrosion behaviour of NiFe 2 O 4 and stated that the solubility of the NiFe 2 O 4 inert anode in molten cryolite electrolyte was less and they are stable towards oxidation, stating that the corrosion resistance of the anode was satisfying.
In the patent Adler [4] stated the behaviour of SnO 2 anode, says that the material has a tendency to dissolve slowly in molten cryolite. The solubility of SnO 2 anode was also found by Haarberg [5] and was 0.08 wt.% at 1035°C. The solubility of the anode can be reduced when the cell will be operated at low temperatures below 780°C. Adler in his experiment found that the SnO 2 shows good chemical stability but lacks good electrical conductivity and has poor mechanical strength. Addition of dopants like Sb 2 O 3 , CuO, ZnO, Fe 2 O 3 etc. improves the electrical conductivity and mechanical properties and experiments were performed by adding different compositions of dopants. SnO 2 + 2 wt.% Fe 2 O 3 composition was sintered at 1200 -1250°C, for 5 h and experiments were conducted and was observed that at low anodic current density the corrosion rate was less and contamination of metal was less. A sample with the composition of SnO 2 + 1 wt.% Sb 2 O 3 , + 2 wt.% Fe 2 O 3 was made and the density was improved by 50 % and also electrical conductivity of 220 S/cm was obtained. SnO 2 + 2wt% Sb 2 O 3 , + 2wt% CuO composition has better electrical conductivity of 440 S/cm. The main backdrop of the anode when it combines with the dopants is the high solubility of dopants in molten cryolite. Dopants leach from the anode at the time of electrolysis and demands for high cell voltage and cause mechanical damage to the anode. The anode with dopants can still be used at low bath temperatures and can have a longer lifetime.
NiO-BASED ANODES
Laboratory tests were performed by Zaikov [6] , and corrosion rate of NiO-(2.5wt.%)Li 2 O material was determined by keeping the note of the anode's weight while the electrolysis process was going on. He determined that the corrosion rate of the anode can be reduced by increasing the sintering temperature and sintering time during the preparation of the anode, which results in the decrease of anode's porosity. The anode was tested with fluoride melt at 700°C for 4.5 hours, and no physical damage to the anode was observed.
METALS
For many decades, metals have been regarded as the prominent material for the preparation of inert anodes because of its high mechanical strength and good electrical conductivity than ceramics and cermets. Some of the advantages of metal anodes are: good thermal shock resistance, low porosity, easy fabrication into required sizes and shapes, easily electrically connected to the cell. But it also has disadvantages such as poor resistance corrosion, tendency to dissolve in the electrolyte at higher cell operational temperature, expensive than ceramics and cermets.
ALUMINIUM BRONZE
In laboratory scale experiment, Glucina et al. [11] have investigated two Cu-Al alloys which they believed to be potential materials to fabricate anodes for aluminium electrolysis. The anode(AB1) was binary alloy with a composition of 90.25 wt.% Cu, 9.39 wt.% Al and little amounts of 0.02wt.% Ni, 0.10wt.% Fe and impurities of 0.24 wt%. The Second anode(AB2) was alloyed with 77.81wt.% Cu, 10.50 wt.% Al, 5.10 wt.% Ni, 4.95 wt.% Fe and impurities being 1.64 wt%. Experiments were performed on anodes AB1 and AB2 twice, with and without Al-based oxide scale. It was observed that in AB1(no oxide layer or no pre-treated) two oxide layers were formed, the first layer was alumina with a thickness of 500 µm and the second layer was Copper oxide with a thickness of 200 µm. High polarization voltage was obtained in this case. Unlike AB1(no oxide layer), AB2 (no oxide layer) was stable and had only one layer formed of Copper oxide. Both the alloys, AB1 and AB2 performed well as an anode with a steady voltage which was operated at a potential of 2.1 V. It was observed that the anodic polarisation was between 0.15 -0.2V which is lower than the carbon anode. Huge mass loss of the anode at the later stage of electrolysis occurred which leads to anode loss and contamination of metal produced.
Cu-Ni-Fe BASED ANODES
Metallic anodes have the disadvantage of being corrosive but the Cu-Ni-Fe alloy has been showing some good results being less corrosive than the rest of the metal anodes [12, [14] [15] . When it comes to CuNi-Fe anode, it has the ability to generate a protective surface layer of NiFe 2 O 4 . NiFe 2 O 4 layer has a tendency of dissolving slowly in molten cryolite which reduced the anode's corrosion rate. A Cu-Ni-Fe metallic anode was doped with oxygen [16] , with composition of 65 wt.% Cu,20 wt.% & 15wt.%Fe and tested at a temperature (700°C) with potassium cryolite. High corrosion resistance was obtained with a wear rate of 0.8 cm/year and impurities of 0.2wt% was found in the aluminium metal produced. Cu metal wt.% in the alloy places a vital role in the formation of a NiFe 2 O 4 protective layer and a low percentage of Cu results in instability of anode in the electrolysis process. Firstly, CuO layer is formed at the initial stages of electrolysis which acts as a protective layer for NiFe 2 O 4 inner protective layer of the anode [17] . In the later stages, the CuO layer dissolves and leads to the contamination of produced aluminium. A study was conducted to overcome these criteria, where 5 wt.% Cu was replaced by (M = Sn, Ag, V, Nb, Ir, Ru) and CuO layer will be replaced by MO, each sample was tested for their respective oxide scale thickness, homogeneity and solubility. The results obtained showed that Nb was showing promising results with its thick oxide scale and homogeneity [18] .
DE NORA METALLIC INERT ANODE
Nguyen and de Nora [12] introduced a metallic anode Nickel-Iron based alloy with semi-conductor Nickel-cobalt mixed oxide as an outer coating. Usually, Ni-Fe based alloy is stable towards oxygen due to the formation of nickel ferrite protective scale as an outer layer but nickel is venerable at fluoridation reaction with gaseous aluminium fluoride when it is part of Ni-Fe alloy. In the metal-oxide interface, nickel fluoride layer is formed which is electrically non-conductive. If Fe content is increased to avoid the fluoridation of Ni, the decrease in oxidation resistance occurs. This scenario can be avoided by coating Ni-Fe anode with NiCo coating. This coating acts as a barrier between the Ni-Fe anode and the aluminium fluoride gas, which will avoid the formation of nickel fluoride layer from fluoridation of nickel. The cobalt oxide layer is formed on the Ni-Fe anode which is stable towards the fluoridation and protects the Ni from forming nickel fluoride. Coming to the experimental procedure, the anode was tested at 100 -300 A cell for different durations. At stable conditions, the anode metal core dissolution rate was 2 mm/year and the CoO layer dissolution rate was 3 mm/year. Estimated anodic lifetime was 1 year with less metal contamination rate of 1340 ppm at laboratory scale and 995ppm at an industrial scale. The anode surface factor was 2.3 for an industrial anode which is 0.9 less than laboratory anode. With the presence of Co-Ni coating, a thermodynamic penalty of 620 mV versus the carbon anode was observed, but it can be compensated by increasing the active surface of the anode. Overall, anode possessed promising results with high electrical conductivity and good corrosion resistance.
CERMETS
Cermets are a combination of two phases: Ceramics and Metals. Cermets have the desirable properties of both the phases: high electrical conductivity of metals and good chemical stability of ceramics. The use of cermet anodes for aluminium electrolysis was proposed by Alcoa in the 1980s as ceramics were showing poor electrical conductivity.
Fe-( + ) BASED ANODES
Ray and Rapp [7] [8] patented a cermet anode with a composition of 50 wt.%NiO, 20wt.%Fe and 30 wt.% NiFe 2 O 4 . The microstructure of the anode's surface area was recorded and it was seen that there were nickel ferrite matrix and linearly distributed metallic Fe particles on the anodic surface which resulted in good electrical conductivity of the anode. It was stated that electrical conductivity is varied with respect to the type of preparation. The electrical conductivity of 700 S/cm was obtained when hot pressing was performed to prepare the anode. When the composition of iron was reduced from 20 wt.% to 7 wt.%, drastically low electrical conductivity of 19 S/cm was observed. Anode possesses good corrosion resistance with mere contamination of metal produced. At higher anodic current densities, higher current efficiency was achieved and contamination of metal was less. This Fe-(NiFe 2 O 4 + NiO ) anode is the pioneer of the research towards cermet anodes.
Cu-Ni-−NiO BASED ANODES
Liu et al. [10] conducted experiments on cermet anode of composition 15.3 wt.%Cu, 8.3 wt.% NiO ,1.7 wt.%Ni and 74.7 wt.% NiFe 2 O 4 . The alloy is prepared in two steps: cold pressing and sintering the powdered form of all the materials. The aluminium electrowinning was performed at 960°C. It was observed that only NiFe 2 O 4 layer was formed on the outer surface whereas NiO layer was expected to be formed on the anode.
As the time progressed, the NiFe 2 O 4 layer was becoming thicker which might be the reason for the disappearance of NiO layer. To find the corrosion behaviour of the anode, the purity of electrolyte and produced aluminium was checked. It was observed that the Cu was dissolved rapidly in the electrolyte whereas no traces of Ni and Fe were observed in the electrolyte. Reducing the percentage of Cu can reduce the corrosion rate but at the same time decreases the electrical conductivity of the anode. Much research has to be conducted to improve the anodic properties.
-Cu BASED ANODES
Tian et al. [9] prepared a cermet anode of two phases, NiFe 2 O 4 and Cu. The copper metal was added to increase the electrical conductivity and maintain the mechanical stability. Two anodes with different compositions were made, NiFe 2 O 4 -5 wt.% Cu and NiFe 2 O 4 -20 wt.% Cu. The effects of preparation method on the physical structure and anodic properties were studied. The desired phase composition on the anodic surface can be obtained by controlling the oxygen's partial pressure between the decomposition oxygen pressures of NiO and Cu 2 O .High relative density of the anode can be obtained by increasing the sintering time and temperature. The preparation process of the anode was difficult due to the low melting point and poor wetting characteristics of copper when it is combined with NiFe 2 O 4 . The sintering temperature of anode with 20 wt.% Cu was 1000°C whereas for 5 wt.% Cu in the alloy, sintering can be performed at 1250°C. Decreasing the metal content in the anode increases the sintering temperature, but at the same time reduces the electrical conductivity of the anode. By adding metals such as Ni and Co which has high melting point and good wetting characteristics when alloyed with NiFe 2 O 4 -Cu alloy results in a good relative density of the alloy also sintering can be performed at high temperatures which helps to reduce the porosity of the anode.
− BASED ANODE
A Cu 2 O − Cu cermet anode was tested by Feng et al. [25] , they stated that the anode is partially inert and can be used to produce Al alloy and Al with little impurities of Cu. There is more demand for Al alloys than pure Aluminium, which increases the importance of this kind of anodes. This Cu 2 O − Cu cermet anode was tested for its thermal corrosive behaviour in Na 3 AlF 6 − AlF 2 − Al 2 O 3 electrolyte at 960°C for different geometrical structures of Cu phase. A passive layer of CuAlO 2 was observed on the anodic surface while performing SEM and the CuAlO 2 layer thickness and density were increased with increasing corrosion time. It was stated that that the density and thickness of the layer were increased rapidly in the initial stages of the electrolysis process but was later slowed down as the time progressed. As the Cu content in the anode increased, the thermal corrosion rate also increased i.e. at 10 wt% of Cu in the anode, the thermal corrosion rate was 0.68 mg/cm 2 h, whereas at 35 wt% of Cu in the anode, the thermal corrosion rate was about 2.63 mg/cm 2 h. Also, the grain size of the Cu particles effect the thermal corrosion rate( directly proportional). The researchers stated that the ideal content of Cu would be 25 wt% where the thermal corrosion rate of 1.5-7.2 mg/cm 2 h and less than 6.3 wt% of Cu content in the produced aluminium was observed. Researcher's state that this type of anodes will gain demand in the near future as the demand for aluminium alloy is more than pure aluminium.
( − ) BASED ANODE
The corrosion behaviour of 17Ni(NiFe 2 O 4 − 10NiO) cermet anode was tested by TIAN et al. [26] , The anode was prepared at different sintering atmospheric conditions and the electrolysis was conducted in Na 3 AlF 6 − Al 2 O 3 electrolyte melt. The anode prepared in the atmosphere with oxygen content of 2 * 10 −3 possessed corrosion rate of 2.71 cm/a whereas anode prepared in a vacuum has a corrosion rate of about 6.46 cm/a. A thickness of densification layer of 50 µm was recorded when the anode was prepared at atmosphere with oxygen content of 2 * 10 −3 and in the case of anode prepared in the vacuum, the densification thickness layer of 30µm was observed. Also, the decrease of oxygen content in the sintering atmosphere results in the increase of NiO and Fe(ll) content in NiFe 2x O 4−y−z which leads to the poor corrosion resistance of the material and rapid mass loss in the anode can be observed.
UNCONVENTIONAL INERT ANODE

SOLID OXIDE FUEL CELL
Research on inert anodes was mostly conventional type, but there was also attempts made to achieve unconventional anode. R.A.Rapp [13] designed a non-consumable solid oxide fuel cell-type anode for the aluminium electrowinning process. The anode consists of nickel tube (conductor), into which the combustible fuel is sent. The bottom surface of the anode is layered with the zirconia based O 2− conducting electrolysis. When power is supplied, oxidation of combustible fuel occurs resulting in the evolution of oxygen as a primary anodic process. Figure 1 shows the working principle of SOFC type anode. A.Rapp claimed that the SOFC type anode can be retrofitted in the present Hall Heroult cell without any changes in the cell geometry and claimed that the cell would possess all the mandatory anodic properties. Later stages of research revealed that the zirconia layer in the anode is easily soluble at high temperature cryolite melt leading to zirconia layer depletion.
BIPOLAR ELECTRODES
Making bipolar electrodes for the industrial aluminium reduction cell has been the ultimate goal for the researchers. Bipolar electrode consists of both anode and cathode with an insulator separating them. Few advantages can be acquired by using a bipolar electrode like the geometry of the cell can be reduced, amount of electricity used in electrolysis process can be reduced drastically, and cell maintenance cost can be reduced. Swiss aluminium patented the first bipolar electrode for the Hall Heroult's cell in 1976 [21] . In the patent, they mentioned that the cell would contain two bipolar electrodes consisting of SnO 2 + Sn 2 O 3 + CuO anode layer and graphite cathode and an intermediate nickel layer which separates anode and cathode. They are made by pressing the three layers at high temperature. Many other bipolar anodes were patented, e.g. cermet anode (tin oxide with additives like zin oxide, antimony oxide and or vanadium oxide) and Titanium boride cathode. But none of the bipolar anodes have shown impact on the industrial cell.
DEPOLARISED GAS ANODE
Haarberg et al [24] came up with a depolarised gas anode. The necessity of this idea arises due to the fact that when the inert anodes are used in the aluminium electrowinning, reaction (2) takes place with Gibbs energy of 1 283.316 kJ/mol at 960°C and also decomposition overvoltage rises by 1 V than that when the inert anode is used. The reduction of the ohmic voltage in the electrolyte can be attained by redesigning the cell. The CO 2 produced at the anode can also be reduced by using an oxidizable gas which can depolarise the anodic process. In the experimental process, the electrolyte used is the molten CaCl 2 with CaO and an additive of AgCl is added to the electrolyte to control the cathodic reaction.
Fig. 3 Schematic diagram of Depolarised gas anode
Two different anodes were tested with two different materials, one being a metal Platinum and the other being a ceramic Tin Oxide. The reference electrode was Ag/AgCl to calculate the overvoltage of the anode. An experiment was conducted in an atmosphere of dry argon to avoid and eliminate the contamination of air from moisture and oxygen. The methane and hydrogen gas are supplied into the anode during the electrolysis process and reaction (3) takes place when methane is supplied and reaction (4), when hydrogen is supplied. 
The behaviour of inert anodes of tin oxide and platinum was studied in separate experiments. The laboratory studies state that when hydrogen is introduced into the anode during the electrolysis process, a significant amount of anodic potential was lowered (0.3-0.5 V) while using platinum anode. While using Tin oxide, 0.1 V of anodic potential was lowered. Both the anodes showed potential and further improvements should be made.
ANODE DESIGN
The geometry of the anode plays a vital role in its performance. Only metallurgical properties of the anode were focused and very less attention was given to the mechanical properties of the anode. Antille et al. [26] discussed the engineering related to the industrial-scale de Nora anodes for a 25kA test cell. Computer modelling was used to simulate the electrical and hydrodynamic behaviour of the anodes with different geometries.
OXYGEN GAS FLOW
The oxygen gas evolved at the anodic surface has to be removed quickly as soon as it is evolved to reduce the corrosion rate of the anode. Oxidation on the anodic surface takes place and leads to corrosion if the oxygen produced on the surface of the anode stays in contact with it for a longer time. Slotted anodes containing cylindrical bars are preferred rather than monolithic anode blocks, as the gas escape quickly from the surface of slotted anodes and the statement was supported by Sides and Prentice [27] , where they conducted tests and found that approximately 0.4 V of voltage is saved when slotted anodes are used. It is also stated that when anodes are inclined, the gas escape quickly from the surface of the anode and the bubble size is less.
CURRENT DENSITY DISTRIBUTION
The anodic life is expected to be less when the anodic current density is higher and the anodes with lower anodic current density is advisable. The anodic current density of circular cross-section anode and triangular cross-section anode were measured and it was found that the current density of circular cross-section was high compared to that of triangular cross-section anode but it was also observed that the edges of the triangular cross-section anode possesses higher current density. So, it is advisable to have an anodic geometry somewhere between circular and triangular.
FUTURE SCOPE
In the past, many research organisations claimed that the inert anodes will be used in industrial cells by 2020, but still the difficulty of inventing an ideal inert anode is in process. A lot scientist and research organisations are considering to make an advanced cell prototype which will be able to retrofit the inert anodes without any obstacles. La Camera [22] came up with vertical bipolar electrode and cathode being highly wettable. Many of laboratory scale anodes have showed some promising performance and effects are made to transform them into industrial scale cells as anodes. Polyakov et al [23, 28 -32] have been investigating on novel electrolysis process for aluminium production, in which slurry is used an electrolyte, where electrodes are placed vertical and interelectrode spacing is minimal which results in high electrical conductivity in comparison with presently developed inert anodes technologies. The research is still in initial stage and is expecting to see some promising results in the nearest future.
CONCLUSION
A lot of research has been done till date and is still continued to attain ideal inert anode. Electrical conductivity, oxidation behaviour and thermal shock resistance of three different types of anodes were studied. MolTech has achieved success and claim to use inert anode already in a smaller scale cell. De Nora anode of MolTech showed promising results and claims that the anode would have a lifetime of nearly 2 years. Alcoa has completely stopped it's the research towards inert anodes. Few anodes showed good results with Fluoride electrolyte when the electrolysis process was performed at low temperature (700°C). Alcoa came up with cermet anodes which showed good electrical conductivity and high oxidation resistance but had a problem of low thermal shock resistance and electrical connections between the anode and the busbar was complicated. Corrosion rate of the anode can be reduced by preparing the anode at high sintering temperature and time [4] . R.A. Rapp came up with novel oxygen evolving anode, but the anode failed to perform. Kvande and Haupin [19] and Sadoway [20] argue that even after finally achieving an inert anode, the process of retrofiting the anode into traditional cell would be difficult task. Researchers are trying to achieve new aluminium electrolysis process which is still in initial stage. Inert anodes not only eliminate the formation of greenhouse gases but also increase current efficiency of the cell and are economically advantageous. Nevertheless, industries and research organisations believe that inert anodes can be prepared and used in the nearest future.
